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I N  CARBON DIOXIDE INCLUDING INTERDEPENDENT 

DISSOCIATION AND IONIZKTION PROCESSES 

By John T. Howe and Yvonne S. Sheaffer 

SUMMARY 

Collision theory i s  used t o  estimate chemical react ion r a t e  coef f ic ien ts  f o r  
t he  dissociat ion of C02 and CO and for the  ionizat ion of CO, 0, and C .  The 
estimated coeff ic ients  a r e  used t o  obtain solutions f o r  the  interdependent d i s -  
sociat ion and ionizat ion processes of C02 and i t s  components (including eight  
chemical species) coupled with the  f l u i d  flow behind a normal shock wave. 
t ions  of both the  nonequilibrium chemical re laxat ion region behind the  shock wave 
and the  asymptotic equilibrium conditions a re  obtained f o r  shock speeds ranging 
from 9 t o  20 kilometers per second and ambient dens i t ies  of t o  standard 
ear th  atmosphere density.  Results are presented i n  the  f o r m  of f low-field pro- 
f i l e s  of pressure, temperature, density,  enthalpy, veloci ty ,  species concentra- 
t i on ,  and relaxat ion distance behind the  shock. I n  addition, t ab les  and graphs 
of asymptotic equilibrium properties and composition a re  presented. The e f f ec t s  
of t he  s t a t e  of i n t e rna l  exci ta t ion on the chemically relaxing f l o w  f i e l d  a re  
investigated.  

Solu- 

INTRODUCTION 

The dissociat ive relaxat ion of carbon dioxide and i t s  e f f ec t  on the  flow 
f i e l d  behind normal shock waves a t  speeds up t o  about 10 kilometers per second 
was  examined i n  references 1 and 2.  However, a t  speeds above (as w e l l  as speeds 
s l i g h t l y  lower than) 10 kilometers per second, ionizing reactions become impor- 
t a n t  t o  the  chemical re laxat ion process. The charged pa r t i c l e s  produced by these 
reactions a re  of spec ia l  i n t e re s t  from the  point of view of t h e i r  e f f ec t s  on 
energy t ransport  i n  the react ing mixture and on communications blackout problems 
associated with planetary atmosphere entry.  

The present analysis includes dissociat ion react ions f o r  CO, and CO and 
ionizat ion reactions f o r  CO, C ,  and 0. Thus, r e s u l t s  include typ ica l  p ro f i l e s  of 
charged p a r t i c l e  concentration i n  the relaxat ion region behind the  shock where 
the  f l o w  i s  not i n  chemical equilibrium as well  as the  equilibrium concentration 
of charged pa r t i c l e s  over a broad range of shock speed and ambient density.  

In  order t o  study nonequilibriwn chemical e f f ec t s  i n  CO2,  it i s  necessary t o  
know something about the reactions which occur and the  rates at  which they pro- 
ceed. Although some experimental data  on the  chemical k ine t i c s  of c02 e x i s t  f o r  
temperatures below 2700° K (refs.  3, 4, and 5 ) ,  we do not know of any de f in i t i ve  
experimentally obtained react ion rate data f o r  C02 and i t s  components a t  t he  high 
temperatures encountered behind strong shock waves. For t h i s  reason, it i s  



necessary t o  postulate  t he  chemical reactions and t o  estimate t h e i r  rate coef f i -  
c ien ts  with the  a i d  of co l l i s ion  theory, as was  the  case i n  references 1 and 2. 
The react ion rate coeff ic ients  are a l l  estimated i n  t h e  same way and a re  a t  least 
self consis tent .  The chemical re laxat ion r e s u l t s  obtained with these rate coef- 
f i c i e n t s  a re  considered t o  be f i rs t  estimates. 

The s i tua t ion  with regard t o  the  prediction of equilibrium properties and 
composition behind shock waves i n  CO2 i s  considerably better.  The equilibrium 
r e s u l t s  presented i n  the  paper do not depend on the  r eac t ion . r a t e  estimates. 
The equilibrium propert ies  are obtained by a d i r ec t  calculat ion procedure for a 
specif ied shock speed and arnbient density. 

SYMBOLS 

A 

a 

A 
cP 

C 

a 

h 
A 

h 
A 0  
hi 
40 
h i  -1 

Avogadro s number 

defined by equation (A5)  

number of atoms of type z i n  species i 

coeff ic ient  i n  equilibrium coeff ic ient  expression (25) f o r  react ion 

coeff ic ient  i n  forward reaction r a t e  expression (24) f o r  react ion 

defined by equation ( A 6 )  

r 

r 

spec i f ic  heat at constant pressure (per  mass basis) 

spec i f ic  heat a t  constant pressure (per  mole basis) 

def ined by equation (A7 ) 

average diameter of two col l iding pa r t i c l e s  

energy i n  equilibrium coeff ic ient  expression (25) f o r  react ion r 

ac t iv ia t ion  energy i n  forward reaction rate coeff ic ient  (24) f o r  
reaction r 

s t a t i c  enthalpy (per mass basis) 

s t a t i c  enthalpy (per mole bas i s )  

enthalpy of  formation of species 

defined by equation (A2) 

equilibrium coeff ic ient  f o r  reaction r 

i (per  mole basis) 

forward reaction r a t e  coeff ic ient  f o r  react ion r 
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k 

M 

Mi 

n 

n i  

P 

P 

R 
A 

S 

T 

U 

X 

X 

t o t a l  number of species (eq. ( 4 ) )  

typ ica l  co l l i s ion  partner 

molecular weight of species i 
-1 

reduced molecular weight 

n i ,  number of moles of mixture per u n i t  mass of mixture 

i= 1 

number of moles of species i per u n i t  mass of mixture 

t r ans i t i on  probabi l i ty  o r  s t e r i c  f ac to r  

s t a t i c  pressure 

universal  gas constant, 1.98717~10-~ kcal/g mole OK 

number of c l a s s i c a l  sqiared terms of energy contributing t o  react ion 

ab solute  temperature 

velocity i n  x direct ion 

a chemical species 

distance behind the  shock 

forward stoichiometric coeff ic ient  and exponent i n  equations (24) and (25) 

backward stoichiometric coeff ic ient  

p,/ps, density r a t i o  across shock 

defined by equation (34) 

mass density of gas mixture 

standard o r  sea- level  atmosphere density, 1 . 2 2 5 ~ 1 0 - ~  g/cm3 

constant i n  equation (23) 

Superscripts 

A per mole bas i s  

- equilibrium value 
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Subscripts 

b 

f 

i 

2 = 1  

2=2 

M 

0 

r 

ref  

S 

00 

backward 

forward 

species i; i = 1 through 8 corresponds t o  COE, CO, 0, C, CO', Of, C+, 
e-, respect ively 

temperatures less than or equal t o  

temperatures greater  than Tre f  

t yp ica l  co l l i s ion  par tner  

reference o r  sea-level condition 

r t h  

reference temperature, 12,500° K 

conditions immediately behind shock 

conditions ahead of shock 

Tref 

reaction; r = 1 through 5 shown i n  equations (17) through (21) 

ANALYSIS 

Differen t ia l  Equations 

The flow model chosen f o r  analysis i s  t h a t  of 
a normal. shock wave moving a t  velocity,  h, in to  

sponding f l o w  f i e l d  as seen by an observer t r ave l -  
ing with the  shock i s  shown i n  sketch ( a ) .  

"00 U quiescent C02 at  ambient density, pW. The corre- 

Po0 
- 

P 

The equations describing the  f l o w  f i e l d  behind 
the  shock are  statements of conservation of mass, 
the  momentum theorem, and conservation of energy 
and are, respectively, 

-I Shock 

Sketch (a )  
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and 

where t ransport  phenomena have been neglected i n  equations (2)  and ( 3 ) .  
enthalpy of the  mixture of react ing species i s  

The 

ana 

I n  equation ( h ) ,  enthalpy i s  assumed t o  be a function of pressure, density,  
and chemical composition, but not a function of  the vibrat ional  or electronic  
s t a t e s  of the  molecules. As  i n  references 1 and 2, behind the  shock we assume 
that  the  spec i f ic  heat a t  constan: pressure f o r  each species i s  c o n s t T t  at i t s  
f u l l y  excited c l a s s i ca l  valyel (5R/2 f o r  atoms, ions, and electrons,  gR/2 f o r  
diatomic molecules, and 7 .5R  f o r  l i nea r  tr iatomic molecules ( r e f .  6 ) ) .  
equation of s t a t e  i s  needed and i s  

The 

p = pGTf n i  

i=i 

( r e f s .  1 

(7)  

'It i s  shown i n  the  appendix t h a t ,  f o r  t he  high shock speeds considered, 
t h i s  assumption of f u l l  v ibra t iona l  exc i ta t ion  leads t o  e s sen t i a l ly  the  same 
results i n  the  equilibrium and most of the  nonequilibrium flow f i e l d  as t h e  
assumptions of no v ibra t iona l  exci ta t ion or of complete v ibra t iona l  and elec-  
t ron ic  exci ta t ion.  
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which shows coupling between the  chemical re laxat ion processes and the  flow 
f i e l d .  The chemical rate equations for t he  reaction r 

are  expressed i n  the  usual  form (ref. 7 or 8) 

If there  a re  
t i on  ( 9 )  can be replaced by m statements of conservation of atoms ( i n  t h i s  
case carbon and oxygen) of the  fo rm 

m types of atoms i n  addition t o  f r e e  electrons,  (m + 1) of equa- 

i i 

plus  one statement t h a t  the  number of ions equals t h e  number of e lectrons (only 
s ingly ionized species are considered). I n  applying equation (lo), we consider 
an atomic ion t o  be equivalent t o  1 atom of the  appropriate species. It i s  noted 
that equation (10) can be d i f fe ren t ia ted  t o  provide m values of hi/& f o r  
use i n  equation (7 ) .  

Boundary conditions f o r  t he  flow equations (7), (2), and (3) a re  obtained 
from the  normal shock re la t ions  and are f o r  x = 0 

where the  strong shock approximations have been used f o r  boundary condition (12), 
and it has been assumed t h a t  C02 does not dissociate  i n  passing through the  shock 
wave i n  boundary condition (13). 
conditions on the  chemical rate equations ( 9 )  which a re  a t  

Consistent with the l a t t e r  are  the  boundary 
x = 0 

nl = nls = (MI)-’ (14) 

(1-5) n2 = n3 = n4 = n5 = n6 = n7 = n8 = 0 
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Combining boundary conditions (ll), (12), (l3), and the  equation of state (6) 
y ie lds  the  expression f o r  E needed f o r  evaluating the  boundary conditions (ll), 
(121, and (1.3) 

-1 

The set of d i f f e r e n t i a l  equations with their  boundary conditions describing 
the  in te r re la ted  chemical and flow processes i n  t h a t  pa r t  of t he  flow f i e l d  
behind the  shock t h a t  i s  not i n  chemical equilibrium i s  thus complete, and we 
tu rn  our a t ten t ion  t o  the  chemical reactions themselves and the  rates a t  which 
they proceed. 

Chemical Reactions 

The reactions assumed f o r  t he  dissociation, ionization, and recombination of 
C02 and i t s  components are 

1 C 0 2 + M Z C O + O + M  

C O + M Z C + O + M  

co + M 2 co+ + e-  + M 

o + M z o + + ~ - + M .  

c + M Z  C+ + e-  + M 

where M i s  a typ ica l  co l l i s ion  partner.  Although it may be expected t h a t  
e lectrons are more e f f i c i en t  than the  large pa r t i c l e s  i n  producing ionizing 
react ions,  no attempt i s  made t o  dis t inguish between electrons and l a rger  
p a r t i c l e s  as co l l i s ion  partners2 and 

nM = n (22) 
- _  _. 

2For argon, it i s  generally agreed t h a t  e lectron co l l i s ion  partners are 
important t o  the  rate a t  which equilibrium i s  approached behind shock waves, 
although there  i s  l i t t l e  agreement as t o  the  mechanism f o r  i n i t i a t i n g  ionizat ion 
( r e f s .  9 - 13).  

For air a t  shock speeds up t o  10 km/sec, ionizing processes l i s t e d  i n  order 
of decreasing importance a re  atom-atom col l i s ions ,  photoionization, e lectron 
impact, atom-molecule, and molecule-molecule co l l i s ions  according t o  reference 14. 
However, the importance of e lectron impact is  increasing w i t h  shock speed. 

co l l i s ion  partners are conceivably an order of magnitude l a rge r  than those with 
la rge  p a r t i c l e  co l l i s ion  par tners ,  we do not know either within an order of 
magnitude and thus do not attempt t o  dis t inguish between t h e m .  

For carbon dioxide, although the  ionization r a t e  coef f ic ien ts  with electron 

7 
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The rate at  which react ions (17) through (21) proceed t o  the  r igh t  i s  character-  
ized by the  forward reaction rate coeff ic ient  expressed e i the r  i n  the form given 
by co l l i s ion  theory 

or i n  t he  Arrhenius form 

The backward react ion rate i s  included i n  t h e  equilibrium coeff ic ient  

Subsequently, we want t o  calculate  the  chemical equilibrium conditions which 
the  chemically relaxing f l o w  approaches asymptotically. 

Equilibrium Conditions 

The 1.3 equilibrium properties or i n t e re s t  include the f l o w  veloci ty  E ,  - - - thermodynamic propert ies  p, F ,  and T, and chemical concentrations E, nl . . .  n8. 
They are  obtained from the  simultaneous solut ion of t he  following 1-3 algebraic 
equations. By def i n i t i o n  

8 
7 

ii= pii 
i=i 

Statements of conservation of oxygen and carbon atoms a re  

- - Ti3 = 2nls - 2ii1 - E2 - n5 - n6 

and 

(28) 
- - - - - n4 = n,, - nl - n2 - n5 - n7 

The number of moles of electrons equals the  number of moles of ions and therefore  
- 
n8 = n5 + ne + n7 (29) 

8 
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The equation of state i s  

The strong shock re la t ions  give 

The remaining f i v e  equations w i l l  not be l i s t e d ,  bu t  a re  simply equation (25) 
wri t ten f o r  the  f i v e  reactions (17) through (21) .  

Method of Solution 

Solutions f o r  the  nonequilibrium f l o w  f i e l d  were obtained by numerical 
integrat ion of the d i f f e r e n t i a l  equations (2 ) ,  (3) ,  (7), and (9) subject t o  
boundary conditions (11) through (15)  making use of equations (l), (6) ,  
and (16). 
making use of the  Adams-Moulton predictor-corrector variable s tep  integrat ion 
scheme ( r e f .  1.5). Values of dissociat ion energy and some of the  other physical 
constants employed in  the  analysis were e i the r  obtained or estimated f r o m  
information i n  references 16 and 17. 
be presented subsequently. 

The integrat ion was performed on the  I B M  7090 d i g i t a l  computer, 

The r a t e  and equilibrium coeff ic ients  w i l l  

The s e t  of 1.3 equilibrium equations ((26)  through (33) plus the  f i v e  
eqs. (25) i n  which r takes on the  value 1 through 5 ) ,  some of which are non- 
l i nea r  and transcendental, were solved i n  a d i r ec t  way by the  Newton-Raphson 
method (ref.  18, p. 213). I n  addition, t he  r e s u l t s  w e r e  ver i f ied  by the  method 
of t racing t h e  locus of roots  described i n  reference 19. 

DISCUSSION OF RESULTS 

The results of the  chemical react ion rate coeff ic ient  estimates, and 
equilibrium coef f ic ien t  and equilibrium property computation a re  presented f i r s t  . 
Subsequently, some typ ica l  nonequilibrium chemical and flow f i e l d  p ro f i l e s  and 
the relaxat ion distance are presented and discussed. 

9 
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Chemical Kinetics and Equilibrium Results 

Reaction rate - ~- coefficients.- . The estimated values of the constants in the 
forward reaction rate coefficients were obtained with the aid of collision theory 
and are listed in table I in the Arrhenius form (eq. (24)). 
and 2, it has been assumed for present purposes that 
reaction rate coefficient expression (23), and that the activation energy equals 
the reaction energy. An equivalent assumption is that collision of pairs having 
total energy in a specific degree of freedom (such as translation) equal to or 
greater than the reaction energy will result in a reaction (ref. 20). The neg- 
lected effect that reaction rates tend to be lowered because not every such 
collision results in a reaction (i.e., P is actually less than unity) is com- 
pensated to some extent by the neglected effect that reaction rates tend to be 
raised because more than one degree of freedom may participate in the reaction 
(i.e., s is actually greater than 1). For these reasons (which are discussed 
more fully in ref. 1) and for lack of experimental evidence, we estimate reaction 
rates in accord with the above assumption, and the result appears in figure 1. 

As in references 1 
P = s = 1 in the forward 

At a temperature of about 20,000° K, the rate coefficients of the various 
reactions exhibit rather large over-all differences (-lo2 for example). Since 
the colliding pairs (electrons excepted) do not differ greatly in size or molec- 
ular weight, the large spread in the rate coefficients at low temperatures is 
attributable to differences in the activation energy Ef which appears as part 
of the exponeni in equation (24). 
exponent Qr/RT 
ishing importance and kfr - Tqr 
Thus at a high temperature, the various reaction rate coefficient estimates do 
not differ greatly from one another (they differ by a factor of less than 2 at 
150,000° K) as can be seen in the figure. 
temperature range were required for estimation of the flow profiles in the non- 
equilibrium zone discussed below. 

r 
At high temperatures, however, the entire 

is small so that differences in activation energy are of dimin- 
in accord with the assumption s = 1). 

The coefficients over this entire 

Equilibrium results. - The equilibrium coefficients were obtained by 
empirically fitting data obtained from references 16 and 1-7 by use of the far 
right side of equation (25). The resulting values of the parameters in equa- 
tion (25) are shown in table I, and the equilibrium coefficients themselves are 
shown in figure 2. 

A summary of the equilibrium composition and properties behind normal shock 
waves obtained by use of the equilibrium coefficients and equations (26) 
through (33) (plus five eqs. (25)) is presented in table 11. Two values of each 
equilibrium property are presented for each shock speed and ambient density. 
two values are identified by ''index'' 1 and 2 corresponding, respectively, to the 
fully excited classical specific heat assumption and a "revised model" for 
specific heat presented in the appendix. 
another to a significant extent. 

The 

The two values do not differ from one 

A few of the equilibrium properties behind the shock wave are presented 
graphically in figures 3 through 6. 
are not presented because they are almost the same as the nonequilibrium values 

Equilibrium values of pressure and enthalpy 

10 



occurring ju s t  behind the  shock calculated by equations (12) and (l3), respec- 
t i ve ly .  
quite d i f fe ren t  from t h e  nonequilibrium properties just behind the shock wave. 
Equilibrium density i s  shown as a function of axibient density and shock speed i n  
f igure  3. It can 
be seen t h a t  It varies  
from about 21 (a t  9 km/sec f o r  
f o r  p, = 1 . 2 2 5 ~ 1 0 - ~  g/cm3). 
(p, = 1 . 2 2 5 ~ 1 0 - ~  g/cm3) t h e  curve has been cut off a t  15  km/sec because doubly 
ionized species, which have been neglected, should be present i n  appreciable 
quant i t ies .  The values of equilibrium temperatures are presented i n  the  same 
way i n  f igure  4. 

On the  other hand, values of equilibrium density and temperature are 

It i s  seen t o  be a r e l a t ive ly  weak function of shock speed. 
would be about the  same f o r  a l l  of these cases. F/p, 

p, - - 1 . 2 2 5 ~ 1 0 - ~  g/cm3) t o  about 11 (a t  20 km/sec 
A t  t he  lowest ambient density i n  f igu re  3 

The concentration of free electrons i s  of special  i n t e r e s t  f r o m t h e  point 
of v i e w  of both convective and rad ia t ive  heating, and communications blackout 
problems associated with planetary atmosphere entry.  Equilibrium electron con- 
centrations i n  terms of mole f rac t ions  a re  presented i n  f igure  5. The l imi t ing  
concentration i s  0.5 f o r  e lectrons (or ions) because only s ingly ionizing reac- 
t i ons  were considered. The ac tua l  equilibrium number concentration of e lectrons 
(or ions) i s  shown i n  f igure  6. t o  lod5 g/cm3, the  
nuniber of f r e e  e lectrons (or ions)  var ies  f r o m  about 5 ~ 1 0 ' ~  t o  5x101' per cubic 
centimeter over the  speed range 9 t o  20 lun/sec. 

For anibient density of 

Chemically Relaxing Flow Fie ld  

Prof i les  of thermodynamic, kinematic and chemical quant i t ies  i n  the  
nonequilibrium par t  of the flow f i e l d  behind the  shock were obtained by integra-  
t i o n  of equations ( 2 ) ,  ( 3 ) ,  (7), and (9)  subject t o  t h e i r  boundary conditions 
and with the  use of t he  chemical rate coef f ic ien t  estimates. 

A solution f o r  a high shock speed and l o w  ambient density (15 km/sec and 
p,/po = 
have been made dimensionless with respect t o  t h e i r  values immediately behind the  
shock wave. As  chemical re laxat ion proceeds (increasing x), temperature dimin- 
ishes  monotonically. On the  other hand, p a r t i c l e  veloci ty  f i r s t  increases and 
then decreases while density var ies  i n  the  opposite way with increasing distance 
behind the  shock wave. This behavior has been discussed i n  reference 1. The 
var ia t ion of pressure and enthalpy i n  the  flow f i e l d  i s  very s m a l l  as would be 
expected from the  appendix of reference 1. 

respectively) i s  shown i n  f igure  7 .  In  f igure  7 (a ) ,  a l l  quant i t ies  

The mole f r ac t ion  p ro f i l e s  of t he  eight  chemical species a re  shown i n  
f igure  7 (b ) .  
wave. Both CO and 0 rapidly increase i n  concentration f o r  a short  distance 
behind the shock wave and then diminish because of fu r the r  dissociat ion and 
ionizat ion processes. 

It i s  seen t h a t  CO2 vanishes a short  distance behind the  shock 

Electrons are the predominant species i n  the  flow f i e l d  

11 
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f o r  x greater  than half  a millimeter.3 Although the  nonequilibrium electron 
concentration has overshot t he  equilibrium value, it does approach t h a t  value 
when x i s  large.  This behavior w i l l  be observed i n  subsequent examples as 
w e l l .  It i s  in te res t ing  t o  see t h a t  t he  concentration of atomic oxygen remains 
high i n  much of t he  relaxat ion region. 

Prof i les  f o r  a lower shock speed (9  h / s e c )  a t  the  same l o w  anibient density 
(p,/po = lo-*) are shown i n  f igure  8. It i s  noted tha t  t he  density i s  f a r  from 
i t s  equilibrium value 10 cm behind the  shock ( f i g .  8 ( a ) ) .  The dominant species 
i n  most of t he  relaxat ion region i s  atomic oxygen ( f i g .  8 ( b ) ) .  
it achieves an a lmost  constant value only 3 mm behind the  shock i n  s p i t e  of the  
f a c t  t h a t  CO i s  s t i l l  dissociat ing in to  C and 0. Thus the  ionization of atomic 
oxygen keeps pace with the  production of atomic oxygen throughout most of the  
relaxat ion region. The concentration of e lectrons and ions i s  r e l a t ive ly  sma l l  
at  t h i s  l o w  shock speed. This f igure  may be compared with f igure  5 of r e fe r -  
ence 1, i n  which ionizat ion reactions were neglected. 
f low-field s t ruc ture  i s  much t h e  same i n  e i the r  case, although the  over-all  con- 
centrat ion of t h e  nonionized species i s  higher i n  t h a t  reference, as would be 
expected . 

Interest ingly,  

The thermodynamic and 

Results f o r  a high-speed shock wave (u, = 1-5 -/see) at an intermediate 
ambient density level (p,/po = 
l i k e  tha t  of f igure  7 a t  the  same speed, but a decade lower ambient density. 
The comments pertaining t o  f igure  7 a l so  apply t o  f igure  9, except t ha t  the  
chemical re laxat ion takes place i n  a shorter  distance behind the  shock. 

a re  shown i n  f igure  9. The r e s u l t  i s  much 

Finally,  examples f o r  high- and low-speed shock waves a t  ambient density 
s t i l l  another decade higher a re  shown i n  f igures  10 and 11. The same general 
comments apply as i n  f igures  7 and 8. The relaxat ion distance i s  considerably 
shorter  at t h i s  higher density.  It i s  in te res t ing  t o  observe f o r  the low-speed 
example of f igure  11 t h a t  some electrons are produced i n  the  relaxation region, 
but t h a t  they tend t o  recombine with ions as the  f l o w  approaches equilibrium. 

The r e su l t s  of a la rge  number of examples can be summarized i n  terms of a 
chemical re laxat ion distance.  

Relaxation Distance 

The chemical re laxat ion distance can be defined as the  distance behind the  
shock wave a t  which the  over -a l l  chemical re laxat ion has gone a given f r ac t ion  
( o r  percentage) toward completion. 
defined i n  terms of the  t o t a l  change i n  the  number of moles per un i t  mass occur- 
r ing  i n  the distance x divided by the  t o t a l  change i n  number of moles per u n i t  

The f r ac t ion  of react ion completion i s  

- - ~- _ _  

31t should be noted tha t  the  electron concentration i n  a l l  of the  nonequi- 
l ibr iwn prof i les  t o  be presented i s  probably s l i g h t l y  lower than it should be 
because doubly ionizing reactions have been neglected. 
conditions considered i n  t h i s  analysis, doubly ionized species would tend t o  
disappear as equilibrium i s  approached. 

However, f o r  the  ambient 
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m a s s  required t o  achieve chemical equilibrium and i s  

i=i 

In  a l l  of t he  examples t h a t  w e r e  studied, n and, thus, q were monotonic through- 
out t he  relaxat ion region i n  s p i t e  of the  f a c t  t h a t  
several  species.  

n i  i s  not monotonic f o r  

Countours of t he  relaxat ion distance for q = 0.5, 0.8, and 0.9 are p lo t ted  
i n  coordinates of shock speed and ambient density i n  f igures  12, 13, and 14, 
respectively.  These were obtained by interpolat ion of t he  solutions.  It i s  seen 
i n  f igure  12 t h a t  the  distance for 50-percent reaction completion i s  quite short ;  
not more than 10-1 cm f o r  the  e n t i r e  range of shock conditions shown. 
tance for 80-percent react ion completion i s  roughly a decade higher than f o r  
50-percent completion as noted by comparing f igures  1.3 and 12. Final ly ,  the  
relaxat ion distance f o r  90-percent react ion completion i s  qui te  large,  ranging 
f r o m  

The d i s -  

t o  lo2 cm over the  en t i r e  range of shock conditions. 

It i s  worth mentioning tha t  these relaxat ion distances a re  not very 
sens i t ive  t o  the  reaction r a t e  assumptions. It was noted i n  reference 1 t h a t  a 
two t o  three order of magnitude change i n  reaction r a t e s  r e s u l t s  i n  only a one 
order of magnitude change i n  re laxat ion distance. 

CONCLUDING FEMARKS 

The interdependent dissociat ive and ionizing chemical r a t e  processes behind 

t o  lo-* standard earth atmosphere density. 
shock waves i n  carbon dioxide have been examined f o r  shock speeds f r o m  9 t o  
20 km/sec a t  ambient dens i t ies  of 
Because of a lack of react ion r a t e  data  f o r  carbon dioxide and i t s  components, 
reaction r a t e  coeff ic ients  have been estimated with the  a i d  of  some simplifying 
assumptions and co l l i s ion  theory. The e f f ec t s  of chemical re laxat ion on the  
flow f i e l d  behind normal shock waves have been studied by use of the  coupled 
f l u i d  f l o w  and chemical r a t e  equations. 

Results have been presented f o r  both the  equilibrium and nonequilibrium 
regimes behind the  shock wave. 
t he  predominant species i n  most of the  nonequilibrium chemical re laxat ion region. 
Atomic oxygen i s  the  predominant species i n  the  lower speed examples and i s  a l so  
present i n  high concentration a t  the higher speeds. 

A t  the  higher speeds (15 km/sec) , electrons a re  

Equilibrium concentration of e lectrons i s  presented i n  terms of mole 
f r ac t ion  of the  mixture and i n  t e r m s  of number of electrons per u n i t  volume. 



The equilibrium concentration var ies  from about 5>(1014 t o  5X1018 electrons/cc 
f o r  a shock speed of 9 km/sec at  a density of 
density t o  20 km/sec a t  a density of 

standard ear th  atmosphere 

Results are a l so  presented i n  the  form of a chemical re laxat ion distance 

t o  
behind the  shock wave. The relaxat ion distance f o r  90 percent chemical react ion 
completion var ies  from t o  lo2 cm f o r  an ambient density range of 

standard ear th  atmosphere density. 

The nonequilibrium r e s u l t s  obtained are considered t o  be preliminary 
estimates f o r  a nwdber of reasons. 
react ion rate coeff ic ients .  Indeed, it i s  not cer ta in  t h a t  t h e  react ions 
studied a re  the  correct  reactions.  Not a l l  of the  conceivable reactions have 
been included i n  the analysis.  The equilibrium r e s u l t s  a re  i n  a somewhat b e t t e r  
s i t ua t ion  i n  t h a t  they a re  independent of any estimates of react ion r a t e  coef f i -  
c ients .  They are not influenced s igni f icant ly  by in t e rna l  exci ta t ion phenomena 
for the  high shock speeds considered. 

They are based on estimates of chemical 

In te res t ing ly  enough, the  influence of t h e  state of i n t e rna l  exc i ta t ion  on 
most of the  chemically relaxing f l o w  f i e l d  i s  small insofar  as t h i s  influence i s  
manifested through the  thermodynamics of t he  problem. 
t h a t  dissociat ion and ionization processes may proceed more readi ly  from excited 
s t a t e s ,  i n  which case the  in te rna l  s t a t e  of exc i ta t ion  would be important i n  the  
en t i r e  chemical re laxat ion region. 

However, it i s  possible 

There i s  a s m a l l  par t  of t he  nonequilibrium flow f i e l d  just behind the  shock 
wave i n  which the  s t a t e  of in te rna l  exci ta t ion of t he  various species has a 
strong influence on the  f l o w  properties.  This region i s  l i k e l y  t o  be qui te  
important t o  nonequilibrium radiat ion problems; thus a knowledge of both the  
chemical and in t e rna l  re laxat ion i s  important a t  high temperatures. 

Knowledge of t he  behavior of these common chemical substances a t  elevated 
temperature i s  very meager i n  s p i t e  of t he  f a c t  t h a t  they have long been impor- 
t a n t  species i n  many corribustion problems. The behavior of these substances has 
acquired new significance r e l a t ing  t o  planetary entry problems. 
t o  be learned both from the  macroscopic and t h e  subatomic points  of view. 

There i s  much 

Ames Research Center 
National Aeronautics and Space Administration 

Moffett Field,  C a l i f . ,  Oct. 23, 1963 
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DISCUSSION OF SPECIFIC HEAT ASSUMFFION 

The t o t a l  enthalpy of a react ing gas mixture behind a shock wave i s  
e s sen t i a l ly  f ixed by the free-stream velocity.  Similarly,  pressure i s  determined 
by the  free-stream density and velocity.  The loca l  temperature (and, ind i rec t ly ,  
t h e  density, pa r t i c l e  velocity,  and composition) of t h e  react ing gas mixture 
behind the  shock wave f o r  a given t o t a l  enthalpy (and set of react ion rate 
coef f ic ien ts )  i s  dependent on the  spec i f ic  heat assumption. In  t h i s  paper, the  
spec i f ic  heat of each species was  assumed constant a t  i t s  f u l l y  excited c l a s s i c a l  
value. However, the  e f fec t ive  spec i f ic  heat of polyatomic species at  elevated 
temperatures behind strong shock waves m y  be l e s s  than t h e  f u l l y  excited c las -  
s i c a l  value if the  residence time i s  not su f f i c i en t  f o r  vibrat ional  degrees of 
freedom t o  become excited. Conversely, the spec i f ic  heat  may be higher than t h e  
c l a s s i ca l  value if  e lectronic  s t a t e s  become excited.  The t w o  extremes, no 
vibrat ional  excitation,and complete vibrat ional  and electronic  exci ta t ion,  a r e  
examined i n  the following. 

VIBFGLTIONAL EFFECTS 

Although vibrat ional  re laxat ion i s  rapid compared with dissociat ive relaxa- 
t i o n  i n  C02 a t  lower temperatures (at  l e a s t  f o r  temperatures below 3000' K 
according t o  ref. h ) ,  t he  two rates may be comparable a t  higher temperatures. 
For shocked mixtures of O2 i n  a ba th  of A x ,  the  v ibra t iona l  and dissociat ive 
relaxat ion r a t e s  a re  comparable a t  temperatures above 8000' K and the  dissocia-  
t i o n  r a t e  appears t o  be diminished by a t  l e a s t  a f ac to r  of 2 where vibrat ion i s  ' 
not i n  equilibrium ( r e f .  21) .  

To some extent, we can assess the  importance of vibrat ional  exci ta t ion by 
examining the  flow-field modifications corresponding t o  no vibrat ional  exci ta-  
t i on .  This i s  accomplished by simply using the appropriate constant spec i f ic  
heat  value f o r  each species i n  the computation. The r e s u l t  i s  shown i n  f igures  
15 and 16, which can be compared with the f u l l  v ibra t iona l  exci ta t ion r e s u l t s  
shown i n  the  corresponding f igures  7 and 10. It w i l l  be noted that although the  
f low-field prof i les  
sponding figures,  the  concentration prof i les  are almost the same. The f low-field 
p ro f i l e s  d i f f e r  pa r t ly  because t h e i r  reference values us, p,, and Ts d i f f e r .  
It w i l l  be shown subsequently t h a t  except f o r  very close behind the  shock, t he  
ac tua l  prof i les  of u, p, and T a re  almost t he  same f o r  no vibrat ional  and com- 
p l e t e  vibrat ional  exci ta t ion and t h a t  the p ro f i l e s  f o r  t h e  mole f r ac t ion  and f o r  
t he  t o t a l  number of moles are also much a l ike  f o r  these t w o  conditions. 

u/us, p/ps, and F/Ts a re  considerably d i f fe ren t  i n  corre- 



ELECTBONIC EXCITATION EFFECTS 

Electronic excitation effects may be shown by use of a modified model for 
The solid lines in figures l7(a) through (f) are species enthalpy as follows. 

the enthalpies of the species CO, 0, C, CO+, O f ,  and C+ obtained from refer- 
ence 1.7, based on information from references 16, 22, 23, and 24. The enthalpies 
of the species C02 and e- are not included because the former is only known with 
reasonable certainty at relatively low temperatures (-5,000' K according to 
ref. 17) and the latter is simply obtained by use of its classical specific heat 
(Sp /R = 2.5). a 
heat at constant pressure for each species. In figure l7(a), the slope of the 
CO enthalpy curve for temperatures below about ll,OOOo K corresponds to the 
classical value for a diatomic molecule that is fully excited in translation, 
rotation, and vibration. At higher temperatures, however, the specific heat 
(or slope) is higher than the fully excited classical value because electronic 
states have also been excited. The other species shown in figure 1.7 exhibit 
similar behavior (to a lesser extent than CO) . 

The slopes of the solid lines in the figures are the specific 

To some extent we can evaluate the effects of electronic excitation by 
comparing the results obtained in the paper by use of the species enthalpy model 
shown in sketch (b) with those obtained by use of revised model shown in 

A A0 hi-hi 

L 

I 

Sketch (b) 
Tref 

I 

Sketch (c) 

sketch (c). 
solid lines by the dashed lines shown. 

The revised model is shown in figure 1-7 and approximates part of the 
Thus the enthalpy curve is replaced by 

two straight line segments characterized by two values of specific heat c 
and cpi2. Pi 

The revised model is very readily included in the analysis in the following 
way. Equation (5) is revised to read 

A A 0  
hi = cp i1 T + hi -1 

where 

_ -  - - -  _ _ _  . - . 

'For convenience, Tref was selected to be 12,500' K for all species. 
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.n 0 -0 T <_ Tref, 2 = 1 (and h12 = h i  For 
expression (A2) i s  used t o  evaluate 
equations i s  changed only t o  the extent t h a t  t w o  s e t s  of values 
t o  replace h i  and two s e t s  of values cpil 

sponding t o  T <_ Tref or T > T,,f. The chemical rate equations a re  unchanged. 

as before) ,  while f o r  T > Tre f  

%? 

2 = 2 and 

are  used 
a re  used t o  replace cpi corre - 

40 - 
hi2. 

A 0  I\ 

The procedure f o r  solving the flow 

2 1  

The calculat ion of the  boundary conditions i s  changed s l ight ly .2  
examples of current i n t e re s t ,  Ts > Tref so t h a t  h i  i n  equation (1.3) i s  
replaced by while E i s  the  posi t ive root of the  equation 

For 
* O  

-2 

-b + d b 2  - 4ac 
2a 

E =  

which i s  closest  t o  

-1 n 

E =: c2 - 1) 

where 

and 

Only a minor change i s  made i n  the  computation of equilibrium conditions. 
A I n  equation (32) ,  the  2: on the  l e f t  s ide  i s  unchanged, while 

A 4 0  t he  r i g h t  s ide are replaced by cpi2 and hi , respectively.  

t he  proper value f o r  2 i s  determined e i the r  by previous experience or by 
judging whether or not 
rium flow f i e l d  f o r  su i tab ly  la rge  values of x. 

‘Pi and hp on 
In  the  computation, 

-1 

<_ Tref by examining the  solutions of t he  nonequilib- 

- -~ 

2Actually the  boundary conditions are changed i n  form only. For lack of 
0 b e t t e r  information of 

C = 7.5R, and numerically the  boundary conditions are unchanged from those f o r  

f u l l  c l a s s i c a l  v ibra t iona l  exci ta t ion i n  the  t e x t .  

cpi2 ( f o r  C O 2 )  a t  high temperatures, it w a s  set equal t o  
A r\ 

P i  

I 
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Equilibrium results obtained by use of t h e  revised model a re  shown i n  
t ab le  I1 on the  l i nes  marked as index 2. 
t he  r e su l t s  of t he  f u l l y  excited c l a s s i c a l  model marked as index 1. It i s  seen 
t h a t  insofar as equilibrium properties are concerned, t h e  differences between 
the  two models are negl igible  i n  the  range of shock speed and ambient density 
under consideration. 

In  each case they can be compared with 

Nonequilibrium results obtained by use of t he  revised model a re  shown i n  
f igures  18 and 19 f o r  a shock speed of 15 km/sec a t  mibient dens i t ies  of and 

A comparison of these f igures  with f igures  7 and 10, respec- 
t ive ly ,  shows t h a t  the  chemical concentration p ro f i l e s  i n  both the  c l a s s i ca l  f u l l  
vibrat ional ly  excited model and the  revised e lec t ronica l ly  excited model are 
about t he  same. These comments apply f o r  shock speeds other than t h a t  shown. 

respectively.  

Now it i s  ins t ruc t ive  t o  compare the  r e s u l t s  f o r  no vibration, f u l l  vibra- 
t ion ,  and f u l l  vibrat ion plus e lectronic  exci ta t ion i n  a s l i g h t l y  d i f fe ren t  
manner. p,/p, = 
This time the  ordinates i n  f igure  20 are not made dimensionless. The flow-field 
quant i t ies  u, p, and T d i f f e r  among the  three  cases f o r  a short  distance behind 
the  shock (about 0 .1  cm or less), but a re  very close t o  one another over the  
major portion of t h e  relaxat ion region. 
prof i les  do not d i f f e r  by more than about 1.5 percent, while temperature d i f f e r s  
by l e s s  than 5 percent f o r  x > 0 .1  em. 
moles per u n i t  mass and n8 the  electron mole per u n i t  mass p ro f i l e s  do not 
d i f f e r  by more than 6 and 16 percent among the  various cases f o r  

This i s  done i n  f igure  20 f o r  shock speed of 1-5 km/sec and 

Indeed, density and p a r t i c l e  veloci ty  

I n  f igure  2O(b), n the  t o t a l  number of 

x > 0 .1  em. 

It may be expected tha t  f o r  these high-speed shock conditions the  equi l ib-  
r i u m  species would be s ingle  pa r t i c l e  species. Therefore, the assumptions 
regarding spec i f ic  heat would not be expected t o  have a s igni f icant  e f f ec t  on 
equilibrium conditions. However, it i s  somewhat surpr is ing t h a t  these assump- 
t ions  have a negligible e f f ec t  on most of t he  relaxat ion region. One reason f o r  
the  in sens i t i v i ty  of t he  relaxat ion prof i les  might be as follows. Di f fe ren t ia l  
equation (9)  can be written3 t o  show tha t  

S ta r t ing  with a given ni ,  if T or kfr 
spec i f ic  heat assumption, p2 
and tends t o  compensate. It follows t h a t  s ince these dni/aX a re  not changed 
substant ia l ly ,  nei ther  i s  du/aX (eq. ( 7 ) ) ,  p (eq. (l)), or T (eq. (6 ) ) .  Also 
p i s  almost invariant.  

i s  a l t e r ed  i n  one direct ion by a 
i s  l i k e l y  t o  be a l t e r ed  i n  the  opposite direct ion 

In  summary, the e f fec ts  of the spec i f ic  heat assumption are f e l t  f o r  only a 
small distance behind the  shock wave. The pressure, enthalpy, density, pa r t i c l e  
velocity, temperature, mole fract ion,  and t o t a l  number of moles per un i t  mass 
prof i les  are almost the  same through most of the  chemical re laxat ion region f o r  
high shock speed whether there  i s  no vibrat ional  excitation, f u l l  vibrat ional  

q h e  backward reaction i s  neglected. 
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excitation, or fill vibra t iona l  and electronic  exci ta t ion.  I n  short, t he  
influence of t he  thermodynamics on the  chemical re laxat ion (and relaxat ion d i s -  
tance) i s  small. 

In  obtaining t h i s  result, we have assumed t h a t  t he  reactions and t h e i r  
estimated rate coeff ic ients  are those presented i n  the  paper and have impl ic i t ly  
assumed that dissociat ion and ionization proceed with equal probabi l i ty  from any 
s t a t e  of exci ta t ion.  This may not, i n  f ac t ,  be the  case. If it i s  not, addi- 
t i o n a l  reactions f o r  exci ta t ion or di f fe ren t  r a t e  coeff ic ients  would have t o  be 
employed. Thus the  e f f ec t  of the  state of i n t e rna l  exci ta t ion of the  various 
species would manifest i t se l f  on the chemically relaxing flow f i e l d  through the  
reactions and t h e i r  rate coef f ic ien ts  ra ther  than through the  thermodynamics. 
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125.75 

256.1'7 

323.18 

314.05 

259.84 

TABLF: I.- REACTION RATE AND EQUILIBRIUM COEFFICIENT DATA 

.17141~10~~ 

.177l3x1O7 

.41958xlO-* 

.42160x10-~~ 

.39181~10-~ 

React ion  

1 

2 

3 

4 

5 

co2 2 co + 0 6.955~10~~ 

c o z c + o  7.238~10~~ 

CO Z CO+ + e- 7.238~10~~ 

O Z O + + ~ -  7.344~I-O~~ 

C Z C +  + e- 7.895~10~~ 

~ -~ 

% 
- ~. 

-2.6294 

-1.1106 

.72788 

1.9483 

1.0415 

__ ~ 

7 

k c a l  
g m o l  

1.35 73 

268.57 

333.44 

307 73 
264.04 



TABLE 11.- EQUILIBRIUM PROPERTIES BEHIND SHOCK WAVES 

1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 

1.225-7 

! 
1.225-6 

15 
15 
12.5 
3-2.5 
10 
10 
9 
9 

20 
20 
17.5 
17.5 
15 
15 
12.5 
12.5 
10 
10 
9 
9 
x) 
20 
17.5 
17.5 
15 
15 
12.5 
12.5 
10 
10 
9 
9 

.0696& 

.069140 

.062927 

.062428 

.I3560 

.13474 

.12286 

.12046 

.io105 

.084169 

.068621 

.068060 

.061871 

.061345 

.13248 

.13001 

.11402 

.098680 

.096069 

.081488 

.0799B 

.067292 

.066657 

.060560 

.om12 

.lo284 

.a93252 

.UT25 

.64742 

.14951-5 
-15333-17 
.~201-16  
.91700-13 
. 1 g m - l 2  
.85456-11 
.l2419-10 
.36643-9 
.46873-9 
.39447 -8 
. a745  -6 

.65614-5 

.74155-5 

.17465-13 

. 1 1 7 4 1 - ~  

.86962-11 

.U3864-10 

.28254-9 

.46793-9 
-73332-8 
.11314-7 
.44250-5 
.61409-5 
.34349-4 
.38383-4 

.33598-5 

.44091-5 

.64984-4 

.78166-4 

.013728 

.oaf572 

.io692 
-11599 
.13036-7 

.10809-2 

.18645-5 
~ 5 0 9 8 - 4  

20385-3 

.036101 
~ 3 0 4 6  
.14038 

.48268-7 

.21830-4 

.28215-3 

.028585 

.63327 

.63076 

.42349-2 
-95959-2 
* 094465 
.11351 
-27576 

*'I8552 
-29429 

.49613 

.64692 

.64773 
-62715 
.62438 
.022263 . 0 38069 
.13B2 
.15841 
.30478 
.33249 
.50438 
.52357 
,64489 
.64407 
.61919 
.61614 

.1559 

.025875 

.021634 

.015181 

.OB254 

.049853 

.054848 
-13395 
.14ll4 
.29838 
-29908 
.25522 
.24963 
.07609-Z 
.010566 
-030895 
.037261 
.076666 
.086467 
.16786 
.Pi130 
.29477 
.29232 
.23985 
a23368 

.16645 

.17037 
,16976 

.17108 

.17000 

23168 
.oU3896 
.015971 
.49498-2 
.46071-2 
.16474 
.16420 
.16288 
.16201 
-15355 
.15000 
.11070 
.io265 
.0m48 
.012187 
.45626-2 

-13591 

.423&3-2 

NOTE: A group of d ig i t s  f o i i o ~ a  by -n (or +n) indicates that the decimal point should be n places to  the l e f t  (or  r ight)  of the position shown. 
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Figure 2. - Equilibrium coeff ic ients .  
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Figure 3. - Equilibrium density behind normal shock wave. 
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